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“hadrons are simple”



“hadrons are 
irreducible 

complexity”



theoretical issues

gluonics
hybrids
glueballs
strong decays

vacuum structure
chiral symmetry breaking
confinement
instantons/vortices/monopoles

short range interactions
gluon exchange
pion exchange
instantons
coupled channels

long range interactions
pomeron exchange
pion exchange
gluonic multipoles
coupled channels
confinement
emergence of nuclear physics



Overview
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production mode
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Novel States



�+(1530)

Dzierba, Meyer, Szczepaniak, hep-ex/0412077

1997: Diakonov, Petrov, Polyakov suggest that an exotic baryon 
decuplet exists  based on a chiral soliton model. 

D. Diaokonv, V. Petrov, and M.V. Polyakov, Z.Phys. A359 (1997) 305-314 



NPLQCD, S. Beane, et al,1103.2821

1977: Bob Jaffe suggests that a udsuds state will be strongly 
bound based on the MIT bag model.

H
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D’D D* D1D*o D*21

D D – 112s

D  Spectrum
Ds(2317) D vs Ds Spectrum



D   Spectrum

D’D D* Ds1D*so D*s2s1

Ds D  theorys

s s

s

BABAR

CLEO

Close & ESS, hep-ph/ 0505206

BABAR, PRL90, 242001 (03)
CLEO, PRD68, 032002 (03)

Godfrey & Isgur,PRD32, 189 (85)

Ds(2317) Ds Spectrum vs Theory



The Lattice Weighs In on D

1-
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Decay thresholds

Dougall [UKQCD], hep-lat/0307001

s

Bali, hep-ph/0305209

Ds(2317)

Lang et al.,  arXiv:1403.8103 



Some Ideas:

DK molecule. 

Dsπ molecule

spin-orbit + tensor splitting.   

qq + qqqq mixing. 

qq mixing with DK,D*K*.

flavour-dependent potential  

T. Barnes, F. Close, H. Lipkin, PRD68, 054006 (03)

B. Cahn & J. Jackson, PRD68, 037502 (03).

T. Browder, S. Pakvasa, A. Petrov, PLB578, 365 (04)

D. Hwang & D-W Kim, hep-ph/0408154

 A. Szczepaniak, PLB567, 23 (03)

O. Lakhina and E.S. Swanson, PLB650, 159 (07)

Ds(2317)
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B± → K±π+π−J/ψ

B. Aubert (Babar) hep-ex/0402025 
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model the X(3872) as a  DD*  bound state 
with              and           components.

we need a microscopic model:

ESS, PLB588, 189 (2004)

L =
1
2

∫
d3xd3y ψ†ψV (x − y)ψ†ψ +

∫
d4xψ̄γµγ5τ

aψ∂µπ
a

constituent quark interaction quark-pion interaction

ρJ/ψωJ/ψ

X(3872)



X(3872)

Predictions:

•  
• only one bound state
• strong isospin mixing
• decay to pi pi pi J/psi
•

JPC = 1++

X � �J/� � X � ��(2S)



BE (MeV) D0D̄0π0 D0D̄0γ D+D−π0 (D+D̄0π−+c.c)/
√

2 D+D−γ π+π−J/ψ π+π−γJ/ψ π+π−π0J/ψ π0γJ/ψ
0.7 67 38 5.1 4.7 0.2 1290 12.9 720 70
1.0 66 36 6.4 5.8 0.3 1215 12.1 820 80
2.0 57 32 9.5 8.6 0.4 975 9.8 1040 100
3.8 52 28 12.5 11.4 0.6 690 6.9 1190 115
6.1 46 26 15.0 13.6 0.7 450 4.5 1270 120
9.0 43 24 16.9 15.3 0.8 285 2.9 1280 125
12.7 38 22 18.5 16.7 0.9 180 1.8 1240 120

D0∗ D−∗ ωρD0∗ D−∗ D−∗ ρ

weak binding   → use free space decay widths to 
estimate dissociation decay modes

ωρ ω/ /

Γ(χ̂→ πππJ/ψ)
Γ(χ̂→ ππJ/ψ)

= 0.56

decay widthsX(3872)
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Abe et al [Belle], hep-ex/0505037 
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[confirmed by BaBar]



ESS, PLB598, 197 (04)

mode mf (MeV) q (MeV) Γ[cc̄] (keV) Γ[cc̄] (keV) Γ[cc̄] (keV) Γ[χ̂c1] (keV)
[B&G] [A] [B]

γJ/ψ 3097 697 11 71 139 8
γψ′(23S1) 3686 182 64 95 94 0.03
γψ

′′
(13D1) 3770 101 3.7 6.5 6.4 0

γψ2(13D2) 3838 34 0.5 0.7 0.7 0

EM Transitions

ESS, PLB598, 197 (04)X(3872)



Table 1: X − χc1 Mixing.
state EB (MeV) a (fm) Z00 aχ (MeV) prob
χc1 0.1 14.4 93% 94 5%

0.5 6.4 83% 120 10%
χ′

c1 0.1 14.4 93% 60 100%
0.5 6.4 83% 80 > 100%

X-χ mixingX(3872)



Other Molecules
no MM mixtures

state JPC channels mass (MeV) EB

D∗D̄∗ 0++ 1S0, 5D0 4019 1.0
BB̄∗ 0−+ 3P0 10543 61
BB̄∗ 1++ 3S1, 3D1 10561 43
B∗B̄∗ 0++ 1S0, 5D0 10579 71
B∗B̄∗ 0−+ 3P0 10588 62
B∗B̄∗ 1+− 3S1, 3D1 10606 44
B∗B̄∗ 2++ 1D2, 5S2, 5D2, 5G2 10600 50

X(3872)
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Y(4260)



no available vector (4S=4415, 2D=4159)

vector hybrid [at 4400]?

the first vector S-wave open charm channel is at 
4285 (        ) or 4309 (       ): a cusp? a molecule? 

 a very good candidate for a hybrid meson! [But 
note the expected suppressed coupling to ee]

S-L Zhu, hep-ph/0507025
Close & Page, hep-ph/0507199

Llanes-Estrada, hep-ph/0507035

DD̄′
1 DD̄1

Y(4260)



� = 205± 18± 86 MeV
� = 39± 5± 19 MeV

JP =
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LHCb 1507.03414v2 
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Pc(4380)
Pc(4450)



(4450(4380

T. J. Burns arXiv:1509.02460v1 [hep-ph]

Pc(4380)
Pc(4450)
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Four-quark States



Cassidy, D.B.; Mills, A.P. (Jr.) (2007). "The production of molecular positronium". Nature 449 (7159): 195–197

Four-electron States

1946: Wheeler suggests that Ps2 might be bound
Wheeler, J. A. Polyelectrons. Ann. NY Acad. Sci. 48, 219–238 (1946).

1946: Ore proves it is unbound

1947: Hylleraas & Ore prove it is bound
Hylleraas, E. A. & Ore, A. Binding energy of the positronium molecule. Phys. Rev.71, 493–496 (1947).

2007: Ps2 is observed

Four-quark States

https://en.wikipedia.org/wiki/Nature_(journal)


Four-quark States
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Z+(4430)

.confirmed by LHCb

JP = 1+



Z(4240) [?]
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R. Mizuk et al. [Belle], PRD76, 072004 (08)
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Z1(4050)

[Belle] 1410.7641

from Y(4360)



Y(4660)
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[Belle] 1410.7641



dotted: without Zc(4200)

K. Chilikin et al. [Belle] 1408.6457

B � K�J/�

Zc(4200)



Shuangshi Feng [BESIII] H13

Zc(3900)



BESIII PRL112 022001 (14)

e+e� � �DD̄� �
s = 4.26

M = 3883.9± 1.5± 4.2

� = 24.8± 3.3± 11.0

Zc(3900)



BESIII Phys. Rev. Lett. 111, 242001 (2013).  

“no significant  Zc(3900) observed”
sums 13 different ee energy values
e+e� � �+��hc

M = 4022.9± 0.8± 2.7

� = 7.9± 2.7± 2.6

Zc(4025)



BESIII Phys. Rev. Lett. 112, 132001 (2014)  

e+e� � (D�D̄�)±��

M = 4026.3± 2.6± 3.7

� = 24.8± 5.6± 7.7

Zc(4025)



Zc(3900)
Zc(4025)

Theory



Adachi et al. [Belle] 1105.4583

IGJP = 1+1+

Zb(10610) Zb(10650)

�(2S) hb(1P ) hb(2P )

++
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Zb(10610) Zb(10650)++

[Belle] preliminary [C.-Z. Yuan, INT Nov 2015]



Modelling the Zs

It seems foolish to ignore that the Zcs and Zbs are just 
above related thresholds.

Threshold enhancements are common



Modelling the Zs



A Quark Model Example

S-wave P-wave

Modelling the Zs



�(5S)� hidden bottom = 3.8%

�(5S)� B(�)B̄(�) = 57.3%

�(5S)� B(�)B̄(�)� = 8.3%

�(5S)� �(nS)�� < 7.8 · 10�3

Q: how does Y(5S) couple to Yππ? 

B*

B

Modelling the Zs  — Cusps
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E.S. Swanson, arXiv:1409.3291

Modelling the Zs  — Cusps

D. V. Bugg, Europhys. Lett. 96, 11002 (2011) 

D. V. Bugg, Int. J. Mod. Phys. A 24, 394 (2009)

E.P. Wigner, Phys. Rev. 73 (1948) 1002



Attempt a “microscopic” cusp model

Y (4260)� �DD̄� Y (4260)� ��J/�

gDD� · exp(��(s�Y )/�2
�Y ) exp(��(sDD�)/�2

DD�)

[separable nonrelativistic model; solve exactly]
[iterate all bubbles]

…

E.S. Swanson, arXiv:1504.07952

…

Modelling the Zs  — Cusps
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|�|
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Modelling the Zs  — Cusps
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��i = 0.7 GeV

g2
�(nS)BB� = 0.9 · g2

�(nS)B�B�

Modelling the Zs  — Cusps
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fit the pi Y: D*D* vertex
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fit the pi Y: DD* vertex
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BESIII 
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e+e� � Y (4260)� ��J/�



M. Ablikim et al. [BESIII Collaboration], Phys. Rev. Lett. 111, 242001 (2013).

[incoherent background only]
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Modelling the Zs  — Issues with Cusps

this should happen a lot (?)

what is going on with B decays?



other cusp channels?
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Modelling the Zs  — Issues with Cusps

B0 � �+��J/�Y (4260)� �+��J/�



COMPASS 

C. Adolph et al. [COMPASS] arXiv:1407.6186v1
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B̄0
s � K+K�J/�
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Are We Learning 
Anything?



Are We Learning Anything?

As we probe higher in the spectrum the constituent quark 
picture must fail: gluonic and light quark (continuum 
mixing) become important.

Y(4260) → gluonics?
X(3872) → nearby thresholds in the spectrum+ residual 
interactions (mixed molecule)
Zs → cusp effects
many others → noise?
pentaquark → ?? (actual pq, coupled channels?, 
molecule?)
Zc(4475) → ??



Are We Learning Anything?

It seems likely that QCD phenomenology is in an 
evolutionary phase, rather than revolutionary (& Kuhn 
must wait).

As is traditional, data must be collected until patterns are 
discerned.

One difference from tradition is the ever-increasing utility 
of lattice gauge theory computations.
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